Abstract The knowledge about the microbial communities present in mural paintings is of utmost importance to develop effective conservation and mitigation strategies. The present paper describes a methodological approach for the detailed characterisation of microorganisms thriving in mural paintings by combining culture-dependent methods that allow the identification of microorganisms capable of growing in the laboratory conditions and to obtain high cell densities for further studies, and culture independent methods, such as denaturing gradient gel electrophoresis (DGGE) and pyrosequencing. The coupled use of culture-dependent methods and DGGE does not give enough information to investigate the diversity and abundance of microorganisms present in wall paintings. Pyrosequencing, a novel molecular technique, used here for the first time in this area of research, allowed the identification of a large number of microorganisms, confirming some already identified by the cultivation-dependent methods such as fungi of the genera Penicillium and Cladosporium, but also providing a great contribution in the identification of several genera and species, not previously identified in these artworks, giving also a detailed overview of contaminants which was not possible with the other approaches. The results obtained on several mural painting samples show a strong relationship between the most deteriorated areas of the paintings and higher microbial contamination.
Introduction
Microorganisms like bacteria, fungi, algae and lichens can play an important role in the biodegradation of cultural heritage, together with ageing, the chemical structure of the substrate and the environmental conditions such as humidity, temperature, pH and light [1, 2] . Development of microorganisms on mural paintings may cause aesthetic and/or structural damage such as pigment discoloration, stains and biofilm formation on the painted surface, cracking and disintegration of paint layers and degradation of binders resulting in detachment of the paint layer [3] [4] [5] .
Although the involvement of microorganisms in the degradation process is well acknowledged, the specific role of the different groups and species that compose the microbial communities is not yet well understood because methodologies tend to identify only easily cultivable and omit slow growing and uncultivable microorganisms. Identification of the microbial diversity present in cultural heritage is a crucial step to develop and apply correct conservation and mitigation methodologies and to prevent further contaminations [6] .
The traditional way to identify the microbial diversity is based on the cultivation of microorganisms in specific nutrient media, but this approach detects less than 1 % of the microbial communities present in the Earth [7] . To understand the phenomena that promotes the degradation of mural paintings, it is important to know as much as possible about the microbial populations that colonise these artworks. The use of cultureindependent techniques like molecular approaches, based on nucleic acids detection, allows the differentiation of microorganisms within complex microbial communities, since microorganism holds unique sequences [8] .
Cultivation-independent methods enable to detect uncultivable microorganisms giving a more complete view of the microbial communities present in certain sample than traditional cultivation techniques [9, 10] . Thus, molecular fingerprinting techniques like denaturing gradient gel electrophoresis (DGGE) have been used to determine and identify the genetic diversity of natural microbial communities present in the mural paintings [11, 12] .
DGGE technique has the advantage of directly profiling microbial populations present in specific ecosystems by separating PCR products that have originated with universal primers, on the basis of the melting domain of the DNA molecules [10, 13, 14] .
The detection of microorganisms is mainly based on the small subunit ribosomal DNA (rDNA) genes, 16S rDNA for prokaryotes and 18S rDNA for eukaryotes. Ribosomal DNA (rDNA) is the most commonly employed target for PCR amplification prior to DGGE because they are present in every living organisms and they contain variable and highly conserved regions which allow to distinguish between organisms on all phylogenetic levels [7, 15] .
DGGE separate amplified rDNA fragments of the same length but with different base pair sequences [11, 16] . Doublestrand DNA fragments are subjected to an increasing denaturing environment as they encounter increasing concentrations of the denaturing agents and partially melt in discrete regions called "melting domains", and, depends on the hydrogen bonds formed between the GC and AT base pairings and the attractions between neighbouring bases of the same strand. GC pairs are much more stable to denaturation than AT pairs. This technique uses a chemical gradient of urea and formamide created within an acrylamide gel. Usually, the PCR products applied in a DGGE gel are obtained by PCR amplification using a GC-rich tail at the 5′-end of one primer, generally composed by about 40 bases like as 5′-CGC CCG CCG CGC GCG GCG GGC GGG GCG GGG GCA CGG GGG G and it will be continued by the priming sequence complementary to the target DNA to be amplified. This GC rich tail is highly resistant to chemical denaturation [15, 17] . This technique provides information about the microbial diversity in the samples and by excising individual DGGE bands from the gel and reamplifying the DNA, it is possible to get sequence information of single community members. Thus, DGGE represents a powerful tool for monitoring microbial communities present in the wall paintings and others cultural assets [18] .
Pyrosequencing, the next generation sequencing technology, allows high-throughput sequencing and has revolutionised the study of microbial diversity. This methodology has been applied to identify mammal species, to study microbial diversity in soils, freshwater, human guts, wastewater treatment facilities [19] [20] [21] [22] [23] . More comprehensive information about the microbial communities contributing to the degradation of mural paintings are needed, so in this work pyrosequencing will be used to access microbial diversity.
Pyrosequencing technology is a non-electrophoretic realtime ssDNA sequencing method based on the detection of released pyrophosphate during nucleotide incorporation in the DNA-strand. The DNA synthesis is catalysed by four kinetically well-balanced enzymes: DNA polymerase, ATP sulphurylase, luciferase and apyrase [24] [25] [26] [27] [28] [29] .
According to our knowledge, this approach has never been applied to biodegradation of mural paintings. A study to characterise algal and fungal community living on sandstone buildings in Belfast (UK) was recently developed [30] .
The strategy adopted in this study combined culturedependent methods and molecular approaches: DGGE and 454-pyrosequencing, innovative technique in this field, to investigate the diversity and abundance of microorganisms present in the wall paintings. Moreover, it is intended to compare the results obtained with each approach and assess the microorganisms found by culture-dependent/-independent methods.
With this innovative application, we hope to contribute to knowledge as much as possible about the microbial population that colonised mural paintings.
To develop this study, two mural paintings were selected which represent different environmental conditions. The Santo Aleixo church is an abandoned church in a rural area, near Montemor-o-Novo (southern Portugal), that has suffered severe structural damage with partial collapse of the ceiling but that holds important Renaissance frescoes (Fig. 1a) . The other case study is the mannerist mural paintings (second half of the sixteenth century) from the oval room of Condes de Basto Palace in the world heritage town Évora (southern Portugal). This palace has been inhabited continuously up to the present.
Experimental section

Sampling
The sampling places for analysis were carefully chosen according to the level of degradation observed in the two cases (A1-oval room of Condes de Basto Palace and A2-Santo Aleixo church) selected for this work (Fig. 1) , and, ensuring the representativeness of the paintings. Only the minimum amount was collected during the sampling process, essential for the different analyses using micro-invasive methods. Samples were collected under aseptic conditions with sterile swabs and scalpels, placed in a suspension of transport maximum recovery diluent (MRD; Merck) medium and conserved at 4°C until utilization. Mortars microfragments (50 mg) were also collected, using for this sterile scalpels and microtubes.
Evaluation of microbial contamination in mortars
The mortars microfragments collected were analysed by scanning electron microscopy (SEM), and the samples were airdried, coated with gold (Balzers Union SCD030), and observed in Hitachi Scanning Electron Microscope S-3700N. The accelerating voltage was 18-20 kV. Microanalysis of the selected samples was performed using the same scanning electron microscope coupled with a Bruker XFlash 5010 energy-dispersive X-ray spectrometer (SEM-EDS). This technique allowed the observation of the mortars microstructure and morphology, and, microbial contaminations as well as the elemental composition (point analysis and 2D mapping).
Culture-dependent methods
Serial dilutions (10 The characterisation of the microbial isolates was performed based on the observation of macroscopic features of the colonies such as texture and colour of the colonies and in micro-morphology of the hyphae and reproductive structures (in the case of spore isolates). The preparations made for fungal isolates were stained with methylene blue, observed with a ×20 and ×50 objective with an optical microscope Leica DM 2500P and digitally recorded by a Leica DFC290HD camera. The bacterial isolates were carried out with Gram stain and observed in the same optical microscope with a ×100 objective lens.
Culture-independent methods
DNA amplification
Metagenomic DNA was extracted with NucleoSpin 740945 DNA Extraction kit (Macherey-Nagel, Düren, Germany) and was used as template for PCR amplification. PCR reactions were carried out in a final volume of 50 μL containing reaction buffer 10× supplied with MgCl 2 25 mM, dNTPs 2 mM, primer sets (A and B) 0.4 μM, Taq DNA polymerase 5 U and DNA extracted (1 μL). The amplification started with a denaturation step of 5 min at 94°C, followed by 40 cycles of denaturation for 1 min at 94°C, annealing for 1 min at 50°C, extension for 2 min at 72°C ended with a final elongation step of 6 min at 72°C, using a Robocycler (MJ Mini Bio-Rad). The integrity of the PCR products was checked by 1.2 % agarose gel electrophoresis, containing ethidium bromide 10 mg/mL, at 90 V, and visualised under UV light (Bio-Rad).
A partial sequence of 18S rDNA gene was amplified using primer pair A: NS1 (5′-GTAGTCATATGCTTGTCTC-3′)/ GCfung (5′-CGCCCGCCGCGCCCCGCGCCCGGCCCGC CGCCCCCGCCCCATTCCCCGTTACCCGTTG-3′) and for 16S rDNA the primer pair B: 518F-GC (5′-CGCCCGCC Fig. 1 Sampling location. A1 oval room of Condes de Basto Palace and A2 Santo Aleixo church GCGCGGGGGGGG-3′)/785R (5′-CTACCAGGGTATCT AATCC-3′) [13, 31, 32] . DGGE DGGE analyses of the PCR products were carried out in polyacrylamide gels (8 % (m /v ) acrylamide/bisacrylamide (37.5:1)) with a gradient between 30 and 50 % created by 0 to 80 % denaturant, consisting of urea and formamide, using a DGGE K-2401. Electrophoresis was performed in TEA 0.5× at a constant voltage of 100 V, 60°C during 8 h for bacteria and 22 h for fungi. Following completion of electrophoresis, gels were stained in an ethidium bromide solution (10 mg/mL) and documented using a transilluminator (Uvitec mod STX 20M).
Pyrosequencing
DNA extraction
DNA from 'mural painting' swabs was extracted with QIAamp® DNA Stool Mini kit (Qiagen, Hilden, Germany). Briefly, the swabs were incubated in ASL buffer for 30 min at 37°C and 10 min at 95°C; then glass beads were added to the suspensions and submitted to disruption and homogenization using the TissueLyser (Qiagen). The lysates were centrifuged and purified according to the standard procedure for pathogen detection of the kit.
Amplification of rDNA
DNA from each sample was used as template for amplification of the V3V4 region of the bacterial 16S rDNA and ITS2 region for the fungal population study.
The V3V4 region was amplified with the forward primer 5′-ACTCCTACGGGAGGCAG-3′ and the reverse primer 5′-TACNVRRGTHTCTAATYC-3′.
The ITS2 region was amplified with the primers ITS2_F 5′-GCATCGATGAAGAACGC-3′ and ITS2_R 5′-CCTCC GCTTATTGATATGC-3′.
The forward primers contain an upstream 454 Life Science's titanium sequencing adaptor (5′-CGTATCGCCT CCCTCGCGCCATCAG-3′) and a TAG sequencing with eight nucleotides which allows the pooling of multiple samples for pyrosequencing. Reverse primers also contains an upstream 454 Life Science's titanium sequencing adaptor (5′-CTATGCGCCTTGCCAGCCCGCTCAG-3′).
Two independent replicate reactions were done for each region of each sample with 1× Advantage 2 Polymerase Mix (Clontech, Mountain View, CA, USA), 1× Advantage 2 PCR Buffer, 0.2 μM of each PCR primer, 0.2 mM dNTPs (Bioron, Ludwigshafen am Rhein, Germany), 5 % DMSO (Roche Diagnostics GmbH, Mannheim, Germany) and 2 μl of DNA. The following PCR programs were used: an initial denaturation at 94°C for 4 min followed by 25× (ITS2)/30× (V3V4) cycles of denaturation at 94°C for 30 s; annealing at 44°C (V3V4)/50°C (ITS2) for 45 s and extension at 68°C for 60 s, and a final extension step at 68°C for 10 min. All the amplifications were carried out in a MyCycle Thermal Cycler (Bio-Rad Laboratories, Hercules, California, USA). The amplified products were purified with AMPure XP beads (Agencourt, Beckman Coulter, USA) followed by quality assessment of nucleic acid on 1.2 % (w/v) agarose gel and quantification by fluorescence using the PicoGreen dsDNA quantitation kit (Invitrogen, Life Technologies, Carlsbad, CA, USA).
Emulsion PCR and massive parallel sequencing
The amplicons are clonally amplified by emulsion PCR, and immobilized onto beads, each bead carrying a single DNA molecule. The bead-bound library is then emulsified with the amplification reagents in a water-in-oil mixture, creating millions of microreactors, where a single-fragment PCR occurs. Resulting DNA library beads are loaded into the wells of a PicoTiterPlate (PTP) device. Once in the Genome Sequencer FLX Instrument (454 Life Sciences, Roche), the fluidics system delivers sequencing reagents across the wells of the plate, along with the four DNA nucleotides, added sequentially in a fixed order. During the nucleotide flow, millions of copies of DNA bound to each of the beads are sequenced in parallel. When a nucleotide complementary to the template strand is added into a well, the polymerase extends the existing DNA strand by adding nucleotide(s). Addition of one (or more) nucleotide(s) generates a light signal that is recorded by the CCD camera in the instrument, signal strength being proportional to the number of incorporated nucleotides. The software converts the light signals into nucleotide information generating the final sequencer reads.
Data analysis
The microorganisms present in each sample were identified with a bioinformatics pipeline developed at Biocant. Briefly, raw pyrosequencing reads were separated according to barcode identifiers and processed through quality filters to remove sequences that did not have a complete forward primer; had less than two undefined nucleotides and were shorter than 100 bp. Additionally, the 3′ ends were trimmed for average quality score≤15, based on a seven-bases window. After filtering, reads were trimmed for the A and B sequence adaptors and the barcode. The high-quality sequences were clustered together by uclust v2.1 [33] with a similarity of 97 %. The clustered sequences were then assembled by Cap3 [34] to produce operational taxonomic units (OTU). The OTU were searched by NCBI BLAST against RDP, release 10 update 24 (Ribosomal Database Project) with a cutoff of 1e−50 to identify the taxa. Chimeras were identified by BLAST, through the confirmation of whether different fragments of the same OTU matched only the same hit. To improve the accuracy of the results, a bootstrap method was included where OTUs were replicated 100 times and changed in 10 % by seqboot application from PHYLIP package [35] . Only sequences with 70 % bootstrap support of the same taxonomy were identified.
Results and discussion
Microbial contamination
This work focused on the application and comparison of different bioanalytical approaches for the characterisation of microbial populations, present in two different mural paintings with visible signs of contamination but in different states of degradation, as can be seen in Fig. 1 . In a first approach, microfragments of mortar were analysed by scanning electron microscopy, a technique that provides an image of high magnification and resolution and so infers about the macrostructure of the painting and the existence of biological contamination. SEM micrograph (Fig. 2a-d) of the mortar microfragments show evident indicators of biological contamination like filamentous fungi and hyphae proliferation by the microstructure of the mortars, which may explain the presence of a lot of cracks and detachments in the paint of case A2 and the colour alterations in the panels of case A1.
EDS (Fig. 3 ) of these structures confirm the concomitant presence of elements characteristics of organic material such as carbon, sulphur, oxygen and nitrogen compatible with the presence of microbial contamination in the paintings.
Microbial proliferation on wall paintings has been associated to several degradation effects. Some microorganisms, like fungi and bacteria, have the ability to survive and thrive in extreme conditions (extremophile behaviour) including in the presence of heavy metals as is the case in some pigments present in mural paintings. Filamentous fungi development in the paintings allow the hyphae penetration within the mortar structure, promoting the proliferation of these microorganisms in depth, affecting the cohesion of the structure facilitating the appearance of some cracks and hence detachment of some fragments, which leads loss of some structures, or even, in extreme cases the entire work. Apart from structural effects, the biological activity of the microorganisms in the surface of the paintings can also induce chromatic alterations due to products excretion resulting from their metabolic activity or due to biofilms formation. For example, some microorganisms can induce irreversible stainings and chromatic alterations, due to their ability to produce pigmented compounds as carotenoids [36] . On the other hand, calcium oxalates have been reported in degraded areas of mural paintings due to the metabolic activity of the microorganisms, which secrete oxalic acid that reacts with calcium compounds present on the surface. Their formation can occur as a defense mechanism of the microorganisms in situation with excess of calcium, to prevent the toxicity to the cell [37] .
Therefore, microbial activity contributes to deterioration of mural paintings, and its interaction with physico-chemical mechanisms is considered central to understanding the long term deterioration, as well as knowing the agents that colonise these artworks.
In order to characterise the microbial population present in mural paintings several analyses using culture-dependent and independent techniques were adopted.
Culture-dependent methods
While cultivation methods give information about the microorganisms able to grow on a culture medium, molecular approaches provide information of the DNA sequences.
Combining the information obtained with these different methods, it is possible to know with more detail the microbial diversity that colonise these art works.
Isolated microorganisms from the paintings were characterised taking into consideration their macroscopic (colour, size and morphology) and microscopic features (type of reproductive structures and colour of colonies in the case of bacteria). The predominant microflora isolates were bacteria, yeasts and filamentous fungi of the genera Penicillium , Cladosporium , but also isolated sterile and non-sterile mycelia [1, 2, 5, [38] [39] [40] [41] .
Although this approach does not enable a full characterisation of the microbial community, since some microorganisms do not have the ability to grow under in vitro conditions, is extremely important because it gives a first scan on the cultivable microflora and allows to obtain high density of cells for 
Microbial communities
Because not all microorganisms have the ability to grow under in vitro conditions, DGGE and pyrosequencing were applied to the same collected samples.
DGGE was employed to assess the structure of microbial communities in samples without cultivation. The purity and integrity of the metagenomic DNA amplified was analysed by agarose gel electrophoresis (Fig. 4) . It is possible to observe fragments with 300 and 400 bp, for bacteria and fungi, respectively.
The PCR products obtained were separated by DGGE and the results revealed the presence of several distinguishable bands, most likely derived from different fungal and bacterial species constituting the population of each sample. It is possible to observe that more fungal diversity exists (Fig. 5a) , due to the presence of a larger number of bands, in comparison with the bacterial population detected (Fig. 5b) . These results are correlated with those obtained by culture-dependent methods, where fungal isolates prevail. DGGE represents a powerful tool for monitoring microbial communities and examining population dynamics [4, 7, 16, 17] , but it does not allow full identification of the microorganisms present in the samples. Strategies for sequencing of separated bands can be applied but are very time consuming and the DNA obtained correspond frequently to a mixed DNA, conducing to ambiguous identification. Pyrosequencing, on the other hand, is a powerful novel technique that complements the results obtained by the aforementioned methods, allowing the full identification of the microbial population and was used on this work for first time, as to the authors' knowledge, to biodegradation studies of artworks.
Amplicons for the V3V4 and ITS2 regions were generated for the samples using primers of conserved regions and submitted to pyrosequencing in the 454 sequencing platform as described in the "Experimental section". The number of sequences obtained for each sample is listed in Table 1 .
Sequences in each sample were grouped to generate consensus sequences, named OTU. An operational taxonomic unit is the consensus sequence containing sequences that are no more than 3 % different from each other, which is generally considered to define a microbial species. The number of generated OTU found in Table 1 shows that sample A1 is greater in fungal contamination than bacterial population and in sample A2 the opposite is observed. The OTUs were assigned a taxonomic ID by searches against data in public databases. To better understand the meaning of these values, the results for each sample were subjected to non-parametric statistical analysis by determination of CHAO parameter. Figure 6 shows rarefaction curves for the samples and, respectively, CHAO.
This analysis estimates the coverage of sequencing in samples, by determining the expected number of independent sequences and the number of independent sequences actually obtained in each sample. The results are summarised in Table 2 . These results, although unexpected taking into consideration the different environment and state of conservation of both mural paintings studied, show that identified species found in sample A1 and A2 are very similar. The microflora present on the two case studies is divided into three kingdoms: Bacteria (53 %), Fungi (41 %) and Viridiplantae (5 %), for a total of 303 microorganisms identified, where bacterial population is slightly higher than fungal diversity.
This approach allowed the identification of more than 130
